Objective: To study the impact of thyroxine (T4) withdrawal on serum osteoprotegerin concentrations in women, using a healthy euthyroid control group matched for age and postmenopausal status as reference. Subjects and design: Nineteen women with differentiated thyroid carcinoma were studied the last day on T4 suppressive treatment, 4-7 days after withdrawal and the day before whole body scanning. Eighteen women matched for age and postmenopausal status served as controls. Serum thyroid hormones, urinary bone markers and serum osteoprotegerin concentrations were measured. Statistical methods included repeated measures analysis of variance and one-way analysis of variance. Results: Patients progressed from subclinical or mild hyperthyroidism at baseline to normal free T4 and triiodothyronine levels 4-7 days later, ending in overt hypothyroidism before scanning. Serum osteoprotegerin increased, and urinary deoxypyridolines/creatinine and pyridolines/creatinine ratios decreased, with acute hypothyroidism (PZ0.026, PZ0.003, and P!0.001 respectively). Urinary deoxypyridolines/creatinine ratio, pyridolines/creatinine ratio, and serum osteocalcin during hypothyroidism were lower compared with those of healthy controls (PZ0.023, PZ0.019, and PZ0.011 respectively). Serum osteoprotegerin concentrations were higher in postmenopausal patients when compared with premenopausal ones, irrespective of the changes in thyroid function (PZ0.001). Conclusion: Serum osteoprotegerin concentrations increase following acute hypothyroidism after T4 withdrawal in women with differentiated thyroid carcinoma, and also with postmenopausal status.
Introduction
Osteoprotegerin, generally considered to be a soluble receptor which is secreted by different tissues and cell types, functions as an inhibitor of osteoclastogenesis (1, 2) . This function is mediated through its binding and posterior neutralization of the receptor activator of nuclear factor-kB ligand (3) . The osteoprotegerin knockout mouse develops severe osteoporosis, whereas its overexpression in transgenic mouse models leads to osteopetrosis (4) .
Serum osteoprotegerin concentrations are increased in women with osteoporosis when compared with agematched controls, especially in women with higher bone turnover (5, 6) . It has been suggested that the increase in serum osteoprotegerin levels may represent a compensatory response to the enhanced osteoclastic bone resorption observed in osteoporosis (4) .
Recent studies suggest that thyroid disorders may influence serum osteoprotegerin concentrations. First, endogenous hyperthyroidism increases serum osteoprotegerin concentration, which return to the normal range after ensuring euthyroidism by medical treatment (7, 8) . Secondly, the administration of thyrotropin (TSH)-suppressive doses of thyroxine (T4) may also increase serum osteoprotegerin levels in men (9) . Finally, chronic autoimmune hypothyroidism also increases serum osteoprotegerin concentrations and hormone replacement therapy with T4 normalizes its level (10) (11) (12) .
However, these studies were performed in groups of patients presenting with several etiologies, degrees and duration of hypo-or hyperthyroidism, and submitted to different therapeutic measures that might have acted as confounding factors on the results.
To provide a more precise estimation of the effects of thyroid function on serum osteoprotegerin levels, whilst avoiding the potential confounders described above, we studied the changes in serum osteoprotegerin concentrations in a single cohort of women before and after T4 withdrawal. Furthermore, we also used a healthy euthyroid control group of women matched for age and postmenopausal status to provide an estimation of the magnitude and possible clinical relevance of these changes.
Patients and methods
Twenty-two women with differentiated thyroid carcinoma referred for a routine whole body scanning during follow-up, after initial total thyroidectomy and 131 I ablation, were recruited prospectively.
Patients were studied during T4 withdrawal at three time points: the last day on T4 at their usual TSH suppressive doses, 4-7 days after withdrawal (meanG S.D., 5.2G1.0 days) and the day before TSH-stimulated thyroglobulin measurement and whole body scanning (29.8G4.3 days after T4 withdrawal). Thyroid function in these patients was expected to change from subclinical or mild hyperthyroidism at the first visit, to a situation of normal circulating levels of free T4 (FT4) and triiodothyronine (T3) at the second, ending in a state of overt hypothyroidism at the last visit.
The indication for whole body scanning after T4 withdrawal (recombinant human TSH was not available in Spain at the time of the study), as well as the degree of suppression of endogenous TSH secretion (one patient had a TSH level between 0.1 and 0.5 mU/ml, while the reminder had TSH levels below 0.1 mU/ml), and the doses of T4 used during follow-up, were decided by the physicians referring these patients and were not influenced by any of the authors of the study. Two patients were excluded from the study because their baseline TSH levels were above 0.5 mU/ml and therefore did not fulfill the requisite of subclinical or mild hyperthyroidism at the first visit. Another was excluded because of the presence of hypoparathyroidism, treated with oral calcium and 1,25-dihydroxivitamin D. None of the patients had cardiovascular disease or diabetes mellitus.
The age of the remaining 19 patients was 41G12 (meanGS.D.) years. All these patients were considered in remission from their thyroid cancer, as indicated by previous thyroglobulin measurements and whole body scanning (the latter was still performed in the follow-up of low risk patients at the time of the study).
Eighteen healthy female volunteers, matched for age (40G16 years) and without any thyroid disorder, served as controls. They were not taking any drug known to influence thyroid function or calcium metabolism, and were not using bone anti-resorptive medications or estrogen-replacement therapy. Data regarding other pathophysiological aspects of most of the patients and controls have been reported previously (13) (14) (15) (16) .
Patients and controls were matched for the percentage of postmenopausal women (47.4 and 50% respectively). The ethics committee of the Hospital Ramón y Cajal approved the study and written informed consent was obtained from all the participants.
Study protocol and analytical procedures
Patients and controls reported early in the morning after a 12 h fast, when blood samples were obtained and the urine samples collected by the subjects during the previous 24 h were processed. Patients were advised to take their usual T4 dose just after waking up, before reporting to the hospital on the day of the first visit, and medication was withdrawn thereafter. Evaluation was repeated in the patients 4-7 days later and the day before whole body scanning was performed. Controls were evaluated only at one time point.
Serum osteoprotegerin concentrations were measured in duplicate using a commercial enzymelinked immunosorbent assay (RayBiotech Inc., Norcross, GA, USA). The sensitivity of the assay was 1 pg/ml (0.05 pmol/l) and the mean intra-and interassay coefficients of variation were below 15%.
Serum osteocalcin concentrations were measured in duplicate using a commercial enzyme-linked immunosorbent assay (BioSource International Inc., Camarillo, CA, USA). The sensitivity of the assay was 0.4 ng/ml and the mean intra-and interassay coefficients of variation were below 15%.
Twenty-four hour urine samples were assayed for creatinine by the alkaline sodium picrate method using an Abbott Aeroset Automated Instrument Analyzer (Abbott Laboratories) with mean intra-and interassay coefficients of variation below 2%. Urinary bone markers (pyridolines and deoxypiridolines) were measured by high-performance liquid chromatography (Bio-Rad Laboratories) and expressed as their ratio to urinary creatinine.
Serum samples were obtained for determination of TSH, FT4 and free T3 (FT3) using commercial immunochemiluminescent assays (Immulite 2000, Diagnostic Products Corporation, Los Angeles, CA, USA). The mean intra-and interassay coefficients of variation were below 10% for all these assays. The normal ranges were 0.4-4.0 mU/ml for serum TSH, 0.8-1.9 ng/dl for FT4 and 1.8-4.2 pg/ml for FT3 as reported by the Central Laboratory of Hospital Ramón y Cajal.
Statistical analysis
Data are expressed as meansGS.D. in the tables and meansGS.E.M. in the figures. The normal distribution of the variables was analyzed using the Kolmogorov-Smirnov test. Logarithmic transformations were applied as needed to ensure normality before applying parametric tests.
Data from the patients were analyzed by repeated measures using general linear model. The data at each time point during T4 withdrawal were used as the within-subjects effect, postmenopausal status was introduced as the between-subjects effect and age was introduced as a covariate. The interactions of the within-and between-subjects effects and with the covariate were also analyzed.
The comparisons of the values of the patients at each time point with the controls were performed by separate one-way analysis of variance, followed by Dunnet's test for comparison with a control group. A a value of 0.05 was chosen as the level of statistical significance. Statistical analyses were performed using SPSS for Macintosh, version 10 (SPSS Inc., Chicago, IL, USA).
Results

Basal characteristics and thyroid function in patients
The clinical and biochemical characteristics of the patients are shown in Table 1 . As expected from chronic treatment with supraphysiological doses of T4, the mean serum thyroid hormone levels were in the mildly hyperthyroid range at the first evaluation (16 of 19 patients had increased FT4 levels, whereas all the patients had suppressed TSH levels and only two had increased FT3 concentrations; Fig. 1 ).
At the second visit, mean TSH levels were still below the normal range, whereas mean serum FT4 and FT3 were within the normal range ( Fig. 1 ). Fifteen of nineteen patients still had decreased TSH levels, but their FT4 and FT3 levels were within the normal range except in one who still had minimally increased FT4 levels ( Fig. 1) . When considering the patients as a group, these subjects presented with lower mean TSH and FT3 levels compared with euthyroid controls (Fig. 1) .
At the third time point, all the patients presented with increased serum TSH and low serum FT4 and FT3 levels, with the exception of two patients who had FT3 levels in the lower limit of the normal range ( Fig. 1) . When considering the patients as a group, mean serum TSH was increased and mean FT4 and FT3 levels were decreased compared with euthyroid controls and with the normal range established in the Central Laboratory of Hospital Ramón y Cajal (Fig. 1) .
Serum osteoprotegerin and osteocalcin concentrations and urinary bone markers
Serum osteoprotegerin increased after T4 withdrawal in patients with differentiated thyroid carcinoma and were higher in the hypothyroid state compared with the time that patients had serum FT4 and FT3 within the normal Osteoprotegerin, thyroid function and menopause range (Fig. 2 ). However, serum osteoprotegerin concentrations in athyreotic women were not different to those observed in the euthyroid controls throughout the study (Fig. 2) .
The increase in serum osteoprotegerin levels was paralleled by a decrease in urinary bone markers: the urinary deoxypyridolines/creatinine ratio was lower in the hypothyroid state compared with the time that patients had mild or subclinical hyperthyroidism and when patients' serum FT4 and FT3 were in the normal range; the urinary pyridolines/creatinine ratio was also lower in the hypothyroid state compared with the time that patients had mild or subclinical hyperthyroidism; both urinary deoxypyridolines/creatinine and pyridolines/creatinine ratios were lower in the hypothyroid state compared with those of controls (Fig. 2 ).
Yet the serum osteocalcin concentration, a marker of bone formation, also decreased after T4 withdrawal in patients with differentiated thyroid carcinoma, and was lower in the hypothyroid state compared with the time that patients had mild or subclinical hyperthyroidism and when patients' serum FT4 and FT3 were in the normal range, and also compared with euthyroid controls (Fig. 2) . Therefore, both bone resorption and formation were apparently inhibited during T4 withdrawal.
When data were analyzed, taking into account the postmenopausal status and the age of patients, serum osteoprotegerin concentrations were higher in postmenopausal patients compared with premenopausal women, irrespective of the moment in which the patients were evaluated (Fig. 3) . Age had no statistically significant independent effect on serum osteoprotegerin concentrations when considering the menopausal status of the patients studied here (FZ2.803, PZ0.090).
However, the changes in serum osteoprotegerin concentration during T4 withdrawal were similar in pre-and postmenopausal women, because the interaction of postmenopausal status and thyroid function was not significant (FZ0.433, PZ0.656). This result suggests that thyroid function and postmenopausal status have independent effects on serum osteoprotegerin concentrations. On the contrary, serum osteocalcin concentration and urinary bone markers showed no statistically significant differences between post-and premenopausal patients, a finding possibly related to the high dispersion observed in these parameters (Table 2) .
Finally, when both patients and controls were considered as a whole, postmenopausal women had higher serum osteroprotegerin concentrations than premenopausal women (FZ7.620, PZ0.009), but there were no differences in serum osteocalcin levels or urinary bone markers (data not shown).
Discussion
Our results show that serum osteoprotegerin levels increase during short-term hypothyroidism after T4 withdrawal in a cohort of women with differentiated thyroid carcinoma. This was accompanied by a decrease in serum osteocalcin and urinary bone markers, which were lower than those values of controls when patients were hypothyroid, as expected (17, 18) . We have also shown that, irrespective of thyroid function, menopausal status increased serum osteoprotegerin levels. Therefore, it appears that both thyroid hormones and postmenopausal status independently influence serum osteoprotegerin concentrations.
Our findings confirm those of the previous studies showing that both chronic overt hypothyroidism (10-12) and even subclinical hypothyroidism (11, 12) are associated with elevations in serum osteoprotegerin. However, those studies included patients with autoimmune thyroid disease with unknown duration of hypothyroidism, and therefore the possibility that thyroid autoimmunity may modulate osteoprotegerin production could have been a confounding factor (19) . Two of these studies included only premenopausal women (11, 12) and the other one included both men and women, with no information about the postmenopausal status of these women (10) . As postmenopausal status is an important regulator of serum osteoprotegerin concentrations (5, 6) , those studies did not provide information about the possible interaction of the former with thyroid function. By including only women with surgical non-autoimmune overt hypothyroidism (avoiding possible confounding effects of gender, autoimmunity and of the degree of hypothyroidism) and controlling the influence of menopause on the results, our present experimental design avoided the potential confounding factors present in the previous studies, confirming that thyroid hormone deficiency by itself results in an increase in serum osteoprotegerin concentrations.
Osteoprotegerin is an inhibitor of osteoclastogenesis (1, 2) and therefore may constitute a pathophysiological www.eje-online.org link between hypothyroidism and the decrease of bone resorption. The precise mechanisms by which thyroid hormone deficiency increases serum osteoprotegerin have not yet been elucidated. It has been proposed that the increased cardiovascular risk associated with hypothyroidism or a reduced renal clearance of osteoprotegerin could be possible explanations (10) . Furthermore, we cannot completely exclude the possibility that the elevation in serum osteoprotegerin concentrations during hypothyroidism might represent a response to the inhibition of bone metabolism that results from thyroid hormone deficiency (17, 20) , although this mechanism seems unlikely as osteoprotegerin usually increases in response to increased bone resorption (4), and is positively associated with osteocalcin levels (5) .
The possibility exists that the changes in serum osteoprotegerin levels observed during hypothyroidism in our series are not solely a result of thyroid hormone deficiency but might also be related to the marked increase in serum TSH concentration reached after T4 withdrawal. TSH may be a direct negative regulator of bone metabolism (21, 22) and it could be hypothesized that, as an inhibitor of osteoclastogenesis, osteoprotegerin could mediate these TSH effects. Of note, osteoprotegerin is up-regulated by TSH in thyroid cells (19) yet, because all the patients in our study had no evidence of residual thyroid tissue, the possibility that the very high concentrations of TSH reached after T4 withdrawal stimulated osteoprotegerin secretion by remnant thyroid cells seems highly unlikely. In conceptual agreement, the acute administration of recombinant human TSH to thyroidectomized patients does not result in significant changes in serum osteoprotegerin concentrations (23) , also suggesting that TSH does not induce clinically relevant osteoprotegerin secretion in tissues other than the thyroid. Nevertheless, further research is needed to unravel the precise pathophysiological roles of thyroid hormone deficiency and osteoprotegerin interactions on bone metabolism.
On the other hand, endogenous hyperthyroidism has been shown to increase serum osteoprotegerin concentrations (7, 8) , an effect which may be related to the expression of osteoprotegerin mRNA in bone cells induced by T3 observed in vitro (24, 25) . Furthermore, the administration of suppressive doses of T4 may also increase serum osteoprotegerin levels in both men (9) and women (23) .
The absence of increased serum osteoprotegerin concentrations when our patients were receiving TSH-suppressive doses of T4 might be related to the mild or subclinical hyperthyroidism resulting from this practice, considering that most of our patients had serum FT3 levels within the normal range at the initial visit. However, our present results cannot exclude that more severe degrees of thyroid hormone excess might result in changes in serum osteoprotegerin levels.
In conclusion, short-term overt hypothyroidism and menopause result in independent increases in serum osteoprotegerin concentrations in women. The effect of hypothyroidism appears to be related to an overall inhibition of bone metabolism that includes reduced bone resorption and formation. The precise pathophysiological meaning of these findings remain to be established.
